Objectives To investigate the superiority of radial volumetric breath-hold examination (r-VIBE) with k-space weighted image contrast reconstruction (KWIC) over Cartesian VIBE (c-VIBE) for reducing motion artefacts. Methods We acquired r-VIBE-KWIC and c-VIBE images in 10 healthy volunteers. Each acquisition lasted 24 seconds. The volunteers held their breath for decreasing lengths of time during the acquisitions, from 24 to 0 seconds (protocols A-E). Magnetic resonance images at the level of the right portal vein and confluence of hepatic veins were assessed by two readers using a five-point scale with a higher number indicating a better study. Results The mean scores for the complete r-VIBE-KWIC series (r-VIBE full ) and first r-VIBE-KWIC series (r-VIBE 1 ) were not significantly lower than those for c-VIBE in any protocols. The mean scores for c-VIBE were lower than those for r-VIBE full and r-VIBE 1 in protocols C and D. The mean score for c-VIBE was lower than that for r-VIBE full in protocol E. The mean score for the eighth r-VIBE-KWIC series (r-VIBE 8 ) was lower than that for c-VIBE only in protocol B. Conclusion r-VIBE-KWIC minimised artefacts relative to c-VIBE at any slice location. The r-VIBE-KWIC's subframe images during the breath-holding period were hardly affected by another failed breath-holding period. Key Points • A two-reader study revealed r-VIBE-KWIC's advantages over c-VIBE • The image quality of r-VIBE-KWIC's sub-frame images was maintained during breath holding • Full-frame r-VIBE-KWIC images minimized motion artefacts caused by breathing • A complete breath holding over half the acquisition time is recommended for c-VIBE • c-VIBE was susceptible to respiratory motion especially in the subphrenic region 
Introduction
Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) of the liver is usually performed using breath hold gradient echo sequences. Motion artefacts may also present a critical problem when the area of interest is subject to respiratory motion. Setting of a short acquisition time can reduce motion artefacts, but there is the attendant trade-off between acquisition time and image resolution. The freebreathing radial volumetric imaging breath-hold examination (VIBE) has been reported to provide high-quality images without breath holding; however it necessitates long acquisition times and temporal resolution is sacrificed [1, 2] . Recently, transient severe motion (TSM) in the arterial phase associated with intravenous bolus injection of gadoxetate disodium has been reported [3] [4] [5] [6] . It has been attributed to acute transient dyspnoea after intravenous administration of gadoxetate disodium [7] . The implications of this phenomenon are that disordered breathing patterns that may cause motion artefacts can occur in patients without underlying respiratory problems. New methods, which maintain a balance between short acquisition time and high image quality, are needed.
Fujinaga et al. reported that radial VIBE with k-space weighted image contrast reconstruction (r-VIBE-KWIC) was useful for obtaining high-quality and high temporal resolution DCE-MR images without Gibbs ringing artefacts in clinical patients [8] . In that study, breath holding was not examined in each patient. Chandarana et al. reported that the quality of free-breathing radial VIBE images was comparable to that of conventional breath-holding VIBE images [9] . In their setting, breath-holding radial VIBE was impossible because its acquisition time was 56 seconds. In the present study, we aimed to investigate the effect of disordered breathing patterns on VIBE sequences, and whether or not r-VIBE-KWIC has advantages over c-VIBE.
Materials and methods

Subjects
The study protocol was approved by our institutional review board. Written informed consent was obtained from all participating patients before the MRI examinations.
Ten healthy volunteers (nine men and one woman; mean age, 30.8 years; range, 23-46 years), with no history of liver or respiratory disease were recruited in our institution.
MRI and MR data acquisition
All MR images were obtained with a 3-Tesla (T) MR unit (MAGNETOM Trio, Siemens Healthcare, Erlangen, Germany) using a standard body array coil and a spine matrix coil provided by the manufacturer. MR images of the whole liver were acquired using both prototypical r-VIBE-KWIC and Cartesian VIBE (c-VIBE) sequences, whose scan parameters are shown in Table 1 . Scan parameters for each sequence were standardized as far as possible, and were adjusted to be acquired during a breath-hold time of 24 seconds. Parallel imaging was not used in either sequence. In the r-VIBE-KWIC group, MR images yielded eight sub-frame images per one full-frame image using the KWIC view sharing technique. Eight interleaved subsets of projection views were acquired sequentially to form a full-frame set composed of 208 radial projection views (26 projection views per interleaved subset). In this manner, the volumetric set of contiguous axial images in r-VIBE-KWIC was divided into two subgroups, a dataset of full-frame images (r-VIBE full ) and a dataset of eight sub-frame images (r-VIBE [1] [2] [3] [4] [5] [6] [7] [8] ; temporal resolution, 3 seconds). DCE-MRI was not performed because this was a volunteer study and TSM could be simulated without the administration of contrast media.
Breath-holding protocols
MR images were obtained in each subject with five breathing patterns as follows: 1) protocol A: 24-second breath hold, i.e. volunteers held their breath throughout the image acquisition time; 2) protocol B: an 18-second breath hold followed by 6 seconds of free breathing; 3) protocol C: a 12-second breath hold followed by 12 seconds of free breathing; 4) protocol D: a 6-second breath hold followed by 18 seconds of free breathing; 5) protocol E: free breathing throughout the 24-second image acquisition period.
Imaging analysis
The adequacy of all MR images was qualitatively assessed by two experienced abdominal radiologists (Y. F. and A. O.) independently using a commercial software package (EV Insite; PSP Corporation, Tokyo, Japan). For the assessment, four image datasets, including the full-frame images of r-VIBE-KWIC (r-VIBE full ), the first sub-frame images of r-VIBE-KWIC (r-VIBE 1 ), the eighth sub-frame images of r-VIBE-KWIC (r-VIBE 8 ), and the c-VIBE images were used. Because respiratory-induced liver motion is the strongest in the subphrenic region [10] , two MR image sections (including the right portal vein the visibility of intrahepatic vessels and the homogeneity of the liver parenchyma (Fig. 1) . The mean scores were used for analysis.
Statistical analysis
To 
Results
The mean scores (range) at the level of the RPV and hepatic venous confluence on r-VIBE full , r-VIBE 1 , r-VIBE 8 and c-VIBE in each protocol are shown in Tables 2 and 3 , and a distribution of the scores is shown in Figs. 1 and 2 . Representative images are shown in Figs. 3 and 4 . The mean scores in r-VIBE full were ≥ 3 (diagnostic) in all protocols, while those in c-VIBE were < 3 in protocols C, D and E (i.e., when the breath-hold time was less than 3/4 of the acquisition time). The mean scores in r-VIBE 1 were > 3 in all protocols except for protocol E (free breathing throughout the 24-second image acquisition period), and those in r-VIBE 8 were > 3 only in protocol A (complete breath hold throughout the acquisition time). Comparing sequences, in protocol A (complete breath hold throughout the image acquisition time) there was no significant difference in the mean scores among r-VIBE full , r-VIBE 1 , r-VIBE 8 and c-VIBE. In protocol B (breath-hold time 3/4 of the acquisition time), the mean score for r-VIBE 8 was significantly lower than that for other groups. In protocol C (breathhold time half of the acquisition time), the mean scores for r-VIBE full and r-VIBE 1 were higher than those for r-VIBE 8 and c-VIBE. In protocol D (breath-hold time 1/4 of the acquisition time), the mean scores of r-VIBE full and r-VIBE 1 were higher than that of c-VIBE. Additionally, the mean score for r-VIBE 8 was higher than that for c-VIBE at the level of the hepatic venous confluence. In protocol E (free breathing), the mean score for r-VIBE full was higher than that for r-VIBE 1 and c-VIBE at the level of the RPV, and the mean score for c-VIBE was lower than that for r-VIBE full and r-VIBE 8 at the level of the hepatic venous confluence.
In r-VIBE full and c-VIBE, the mean scores in protocol A (complete breath hold throughout the image acquisition time) were significantly higher than those in protocols C, D, and E at the two scan levels. In r-VIBE 1 , the mean score in protocol A was significantly higher than those in protocols D and E at the two scan levels. In r-VIBE 8 , the mean score in protocol A was significantly higher than those in protocol B, C, D and E at the two scan levels.
Comparing the slice location, in r-VIBE full , r-VIBE 1 , and r-VIBE 8 , there was no significant difference in the median scores between those at the level of the RPV and the hepatic venous confluence in all protocols. In c-VIBE, there was no significant difference in the median scores between those at the two scan levels in all protocols, with the exception of protocol D (P<0.05).
There were no instances of poor or fair inter-reader agreements, although kappa values between the two readers varied (Table 4 ).
Discussion
Our results suggest that image quality in r-VIBE full is clinically acceptable even with imperfect or absent breath holding, but image quality in c-VIBE is clinically unacceptable when the breath hold time was less than 3/4 of the acquisition time (18 seconds in the current study). This indicates an advantage of r-VIBE-KWIC over c-VIBE. We attribute this result to the different trajectory of k-space acquisition. Radial k-space acquisition has an advantage for reducing motion artefacts because acquired data is repetitively sampled at the central region of the k-space to overcome motion artefacts [11] . In our study, the mean scores of r-VIBE full were significantly higher than those of c-VIBE in protocols C, D and E (breath-hold time was 12, 6 and 0 seconds, respectively) at the two scan levels. Additionally, a significant difference between the median c-VIBE scores at the two scan levels was found in protocol D. This result suggests that c-VIBE acquisitions of the subphrenic region of the liver are more susceptible to respiratory motion artefact compared with r-VIBE full images. Even though our study included only non-contrast MR images without assessment of detailed structures and lesion detectability, our results suggested that r-VIBE-KWIC was a feasible technique to provide diagnostic sub-frame images with high temporal resolution, as shown by a mean score for r-VIBE 1 and r-VIBE 8 > 3 with a single breath hold during the entire acquisition time. However, their mean scores were lower than that for r-VIBE full , i.e. there was degradation of the image quality on sub-frame images when the breath hold was less than the length of the 24-second sequence of when the subject breathed normally. We attribute this result to a streak artefact in insufficiently sampled data of the sub-frame images as compared with r-VIBE full , which is characteristically seen in radial acquisition sequences; additionally motion correction does not work well as compared with full-frame images [12] . The r-VIBE-KWIC, however, has an advantage in that both full-frame images and sub-frame images can be acquired simultaneously [8] . This characteristic of r-VIBE-KWIC compensates for any shortcomings of sub-frame images if the breath hold is shorter than the acquisition time or if the patient breathes normally.
Although the breath-hold time was longer in protocol D (6 seconds) than in protocol E (0 seconds, i.e. freebreathing), the mean c-VIBE score in protocol D was slightly lower than that in protocol E, especially at the level of the hepatic venous confluence. Although there was no significant difference between the protocols, taking a deep breath after breath holding may be one reason for this. These results could also explain that the occurrence of TSM might be caused by the taking of a deep breath during the arterial phase of DCE-MRI using Cartesian gradient echo sequences. This phenomenon can occur when breath holding failed during the arterial phase of DCE-MRI, independently of the duration of the acquisition time and any kind of contrast agent.
Our study had some limitations. The sample size (n=10) was small, and all volunteers were healthy without liver lesions or chronic liver disease. We did not perform DCE-MRI using contrast agents including gadoxetate disodium, it being unrealistic to perform five injections for our study design, especially injections associated with respiratory discomfort. In addition, assessment of lesion detectability and lesion characteristics was not possible in this study because only normal volunteers were included. We believe that the effects of motion artefacts could be assessed using non-contrast MR images, and standardized parameters in each sequence provided accurate and detailed results.
In conclusion, r-VIBE-KWIC minimised motion artefacts compared with c-VIBE, when breath holding was deliberately made suboptimal. The basic quality of the sub-frame images of r-VIBE-KWIC was preserved throughout the breathholding component of the acquisition time owing to their high temporal resolution.
